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Abstract. The diagnosisof intracranialaneurysmsandthe planningof related
interventionsis effectively assistedby spiralCT-angiographyandinteractive di-
rect volume rendering.Basedon 3D texture mapping,we suggesta hardware
acceleratedapproachwhich providesfastandmeaningfulvisualizationwithout
time–consumingpre–processing.Interactive toolsprovide reliablemeasurement
of distanceandvolumeallowing to calculatethe sizeof vesselsandaneurysms
directly within the3D viewer. Thereby, theexpensive materialrequiredfor coil-
ing proceduresis estimatedmoreprecisely. Interactively calculatedshadediso–
surfaces,presentedin [1] wereevaluatedin respectof enhancedperceptionof
depth.Basedon the integrationinto OpenInventor, global overview andsimul-
taneousdetail informationis providedby communicatingwindows allowing for
intuitive and user–guidednavigation. Due to an averageof 15–20minutesre-
quired for the completemedicalanalysis,our approachis expectedto be use-
ful for clinical routine.Additional registrationandsimultaneousvisualizationof
MR andCT-angiographygivesfurtheranatomicalorientation.Severalexamples
demonstratethepotentialof our approach.

1 Intr oduction

Currentclinical routine is supportedby different imagingmodalitieswhich allow to
performangiographicprocedures.They provide importantinformationfor thediagno-
sisof a diversityof vesselpathologies.DSA (Digital SubtractionAngiography)is the
mostestablishedimagingtechniquefor cerebralbloodvesselsandtheirmalformations.
Althoughthereis a certainrisk of complicationsdueto its invasive nature,DSA is the
methodof choicefor cerebralaneurysmsprovidingoptimalspatialandtemporalresolu-
tion.However, in caseof complex topologythesuperpositionof vesselsmakestheanal-
ysisdifficult sincetheresultingprojectionimagescontainlittle depthinformation(see
Fig. 1). Therefore,tomographicimagingtechniqueslike CTA (ComputedTomography
Angiography) and MRA (MagneticResonanceAngiography) gain growing attention
sincethey providethree–dimensional(3D) information.

Intracranialaneurysmsare berry–like blistersof the cerebralarterieswhich are
causedby a weaknessof all vesselwall layers.They incidentallyoccurin 1 to 5 out of
100individuals[2] ascongenitallesionor afteradiseaseof thevesselwall. As amajor



risk, hemorrhagemaycauseseriousdamageto thebrain,if theruptureof ananeurysm
occurs.In preparationof interventionalproceduresor surgerya clearunderstandingof
the surroundingvesselsituationis required.The locationandsizeof the neckwhich
is theconnectionbetweentheaneurysmandthefeedingvessel,stronglyinfluencesthe
furtherstrategy. In general,therearetwo methodsof treatment,with surgeryperformed
in mostcases.More recently, analternative procedureallows to directa platinumcoil
into theaneurysmusinganintra-vascularaccess.In orderto performa fastandprecise
analysisthechoiceof theimagingmodalitycombinedwith anappropriatevisualization
approachareof greatimportance.

Aiming at 3D imagingmodalities,aneurysmswith a diameterof ���
	�	 mm are
reproducedwith similarquality. However, in caseof MRA it is still difficult to delineate
the neckandsmall arterialbranchesdueto thenatureof the resultingimages.Above
all, ameaningfulvisualizationrequiresseveralhoursof pre–processing,aspresentedin
[3]. Therefore,asproposedin [4], we useCTA which providesthehighestsensitivity
for lesionsof arbitrarysizeincludingsmall( �
� mm)andlarge( ��	�	 mm)aneurysms.

Sinceit is difficult to integratetheinformationof tomographicsliceimagesto acor-
rect3D model,reconstructionis efficiently assistedby techniquesof volumerendering.
For theanalysisof angiographicdatasetsmaximumintensityprojectionhaspositioned
itself asoneof themostpopularvisualizationtechniques.However, usingonly thehigh-
estgray valuealongevery ray of sight, it prohibitsto distinguishoverlappingvessels
clearlyandto seeintra–vascularabnormalities.Alternatively, techniquesof surfaceren-
deringbecamevery popular[3,5] which allow to computeimagesinteractively based
on an intermediategeometricmodel.However, its calculationrequirestime–intensive
segmentationwhichmustberepeatedfor everycorrectionof theresult.

In orderto overcometheselimitations,we suggestdirectvolumerenderingwhich
usesthe entiredatavolume,giving insight to interior andsuperimposedinformation.
In order to provide interactive manipulationof the visualizationparameterswhich is
essentialfor the analysisin practice[6], we proposeto usehardwareaccelerated3D
texturemapping[7] which we expectto becommonlyavailableon PCsin thenearfu-
ture.After a shortsurvey of our visualizationapproachin section2, we briefly review
theinteractivecalculationof iso-valuerepresentationsin section3 whichhasbeenpre-
viously publishedin [1]. Their integrationwasevaluatedfor thediagnosisof cerebral
aneurysmsin respectof enhancedperceptionof depth.Subsequently, in section4, we
suggestintuitive manipulationbasedon the integrationinto OpenInventor. In sections
5 and6 toolsarepresentedwhich considerconvenientmeasurementof aneurysmsand
the registrationof MR andCT basedon a hardwareacceleratedapproach,which was
introducedin [8]. Finally, thestrategy of themedicaldiagnosisis presentedin section
7 with severalexamplesdemonstratingthevalueof ourapproach.

2 Dir ectVolumeRendering

For thevisualizationof tomographicimagedata,directvolumerenderingprovedto be
verysuitable.It allows to applyuser–definedtransferfunctionswhichassigna specific
color andopacityto all voxels of a certainscalarvalue.Accordingto [9], all known
approachesof direct volumerenderingcanbe reducedto the transporttheorymodel



whichdescribesthepropagationof light in materials.Approximationsof theunderlying
equationof light transferhave beendevelopedanddiffer considerablyin thephysical
phenomenathey accountfor andin thewaytheemergingnumericalmodelsaresolved.

Thelargeamountof dataof a typical tomographicscanmakesthe interactive ma-
nipulationof thevolumeobjectdifficult which is essentialfor theeaseof interpretation
andtheconvenientanalysisin medicalpractice.Therefore,basedonray–castingdiffer-
entoptimizationtechniqueswereproposed[10,11] whichallow to traversethevolume
datamoreefficiently. Alternatively, thetime–intensivere–samplingof theoriginaldata
is circumventedby voxel basedprojectionmethods[12]. More recently, considerable
accelerationwasachievedby expressingtherotationof a volumeobjectby a 2D shear
andaconsecutiveimagewarp[13]. However, mostimpressiveframeratesareobtained
with specialpurposehardware[14,15].

The3D texturemappinghardwareof high–endgraphicscomputersprovidesahuge
amountof trilinear interpolationoperationsandtherebyallows to performdirect vol-
umerenderingat high imagequality andinteractive framerates[7]. After converting
the volumedataset to a 3D texture, it is loadedto the respective memory. In a first
stepequidistantplanesparallel to the viewport areclippedagainstthe boundingbox
of the volume dataset. Subsequently, the resultingpolygonsare projectedonto the
imageplane.During rasterizationthey aretexturedwith their correspondingimagein-
formationdirectly obtainedfrom the3D textureby trilinear interpolation.Finally, the
3D representationis producedby successive blendingof the texturedpolygonsback-
to-front ontotheviewing plane.Sincethis processusestheblendingandinterpolation
capabilitiesof the underlyinghardware,the time consumedfor the generationof an
imageis negligible comparedto softwarebasedapproaches.Interactiveframeratescan
beachievedevenwhenappliedto datasetsof high resolution.

3 Fast Iso–Surfaces

Semi–transparentrepresentationsproducedwith directvolumerenderingtechniquesal-
low to seesuperimposedstructures.However, for somedirectionsof view the spatial
relationis evaluatedmucheasierif lighting effectsareintegrated(seeFig. 2). If inter-
activenavigationthroughcomplex vesselstructuresis envisaged,shadedsurfacesassist
to improvetheuserssenseof orientation.

DifferentapproachesliketheMarchingCubesalgorithm[16] provideiso–valuerep-
resentationsof structurescontainedin volumedatasets.However, asamajordrawback,
time–intensive calculationsare requiredfor every changeof the iso–value prohibit-
ing interactivemanipulation.In addition,thecomplexity of theintermediategeometric
modelrapidlyexceedstheavailablerenderingcapacity.

As presentedin [1], interactive manipulationof iso–value surfacesand realistic
lighting effectsarepossibleif hardwareassisted3D texture mappingandtwo frame
buffer operationsareapplied.This requiresto definea cut planefor every scanline of
theresultingimagewhichhasanorientationorthogonalto theviewing plane.Applying
therenderingprocedure,describedin section2, thecorrespondingimageinformationof
every cut planeis interpolatedwithin the3D texturememoryandwritten to theframe
buffer. After accessingits contents,all datavaluesrequiredfor a completescanline



aresimultaneouslyavailablein real–time.Usinga standardray–castingprocedurethey
haveto becalculatedseparatelyfor everypixel of thecurrentscanline alongraysin the
directionof view. After checkingthe obtainedcut planefor the currentiso–valuethe
identified2D locationsarere–projectedto their 3D positionswithin thevolumedata.
Interpolationof the neighboringvoxel gradientsfinally providesthe surfacenormals
requiredfor theshadingprocedure.

Fig.1. Intracranialaneurysm:DSA (left) and
directvolumerenderingof CTA (right).

Fig.2. Comparisonof semi–transparent(left)
andshadediso–surface(right) representation.

4 Manipulation and Navigation

Thepresentedapproachbuilds on top of a framework basedon OpenInventorwhich
waspreviously presentedin [1]. Thereby, a varietyof functionality is availablewhich
ensuresintuitive manipulation.As a basis,a standardizedinterfaceis offeredwhich
providesaselectionof sophisticated3D viewersincludingvariouseditors,light sources
andotherfeatures.Additionally, severalbuilt–in manipulatorsareavailablewhich are
attachedto an objectafter selection.They considerablysupporta convenientnaviga-
tion within 3D spaceif a 2D input device is applied.Consequently, the user–guided
interactive inspectionandanalysisof anangiographicvolumedatasetis accelerated.

In orderto inspectinterior structures, independentclip planesprovide anintuitive
way to virtually cut off partsof thevolumedataset.As canbeseenin Fig. 4, thewall
of theaneurysmwaspartly removedin orderto view theconnectionto a relatedvessel
from inside.Alternatively, choosingnormal renderingmodeand full opacity for the
wholedataset,clip planesassisttheclinicianto inspectthelocalgrayvalueinformation
at sliceswith arbitraryorientation.

In many situationsduringtheanalysisof anangiographicdatasetit is necessaryto
inspectdetail informationby approachingthestructuresvery closely. However, at the
sametime, it is desirableto view thelesionfrom a moredistanteye–point.Therefore,
two communicating3D displaysareprovided(seeFig.3) whichallow for anindividual
adjustmentof the cameraposition.Within the right window typically local informa-
tion is focusedwhile a more distantview point givesglobal overview of the vessel
situationwithin the left window. In orderto provide improvedorientationa geometric



representationof the viewing frustumof the right window is integratedinto the left
display. Thereby, thesmallarrow connectedto a sphereindicatesthedirectionof view
andthe eye–point.Optionally, if the cameraparametersof the right window change,
thepositionof thecameraof theleft window remainsunchanged,eitherrelative to the
arrow–spheremodelor to thevolumeobject.Thereby, theusergetstheimpressionof a
passingvolumeobjectin thefirst case,or of anarrow whichflies throughthefixeddata
set.Alternatively, if the arrow–spheremodel is selectedin the left window different
manipulatorsareattachedwhich allow to changethe viewing parametersof the right
window from a moredistantviewing point.Finally, if the”fly–mode” optionof Open-
Inventoris appliedinteractiveanduser–controllednavigationwithin vesselsis possible
whichprovidesendoscopicviewsof thesacor theneckof ananeurysm.

Fig.3. Navigation insidea vesselapproachingtheaneurysm.Thearrow within the left window
indicatesthedirectionof view of theright window

5 Measurements

For thepreparationof interventionsit is helpful to have informationaboutthesizeof
theaneurysm,thesizeof vesselsor thedistancebetweenadjacentstructures.Therefore,
simpleinteractive toolsareprovidedwhichallow for measurementsdirectlywithin the
3D viewer (seeFig. 5). Thereby, thecalculationof thedistancebetweentwo pointsis
performedon–the–fly, afterplacingthecorrespondingmarkersin 3D space.Findingthe
right positionis assistedby appropriatemanipulatorsinheritedfrom theOpenInventor
toolkit. But, moreefficiently the correctlocationcan be identified, if additionalclip
planesareusedto reducethedegreesof freedom.

If treatmentwith a platinumcoil is envisaged,additionalknowledgeaboutthevol-
umeof theaneurysmallowsbetterestimationof therequiredexpensivematerial.Using
simplegeometricobjectsthe actualshapeof an aneurysmor vesselis approximated.
During an iterative proceduretheshapeof theselectedobjectis distortedwith anap-
propriatemanipulatorof OpenInventorwhile thequality of thefit is visually inspected
by rotatingthewholescene.



Fig.4. Clip planes:inspectinterior structures
(left) andgrayvalueinformation(right).

Fig.5. On–the–fly measurementof volume
(left) anddistance(right).

6 Registration

In orderto provide furtheranatomicalorientationanadditionaltool is providedwhich
allows for fastregistrationof theangiographicCT datawith MR. As presentedjust re-
cently[17], voxel basedapproachesgainedmoreattentionsincethey allow to perform
retrospective andaccuratealignment.Taking into accountthe entiregray valueinfor-
mationatgeometricallycorrespondinggrid positions,thesimilarity of theinvolveddata
setsis optimizedusinga functionalwhich evaluatesthe quality of alignment.Having
introducedmutual information [18,19], a very generalfunctional is availablewhich
provedto providevery robustregistration.However, theoptimizationprocedurewhich
is requiredto re–samplethevolumedata,typically consumesahugeamountof trilinear
interpolationoperations.Ensuringfastperformancewhich is fundamentalfor medical
applications,anapproachis providedwhich integratesregistrationinto theprocessof
visualization,assuggestedin [8]. Similar to thetechniqueusedfor directvolumeren-
deringthemethodusesthe imagingandtexturemappingsubsystemof graphicscom-
puters.Thereby, all trilinear interpolationoperationsare completelyperformedwith
hardwareassisted3D texturemapping.Thehistogramsof thedatasetswhich arenec-
essaryfor the calculationof mutualinformationareobtainedwith differenthardware
acceleratedimagingoperations.Using similar hardwaresupportedprocedures,asap-
plied to visualization,theprocessof registrationis considerablyaccelerated.

7 Strategyof Data Analysis

Thevisualizationandinspectionof CTA datasetsis performedaccordingto a specific
protocol in order to ensurea fastandconsistentanalysis.After transferringthe data
from the scannerto a graphicsworkstationthe rangeof gray valueswhich describes
the vesselinformationis transformedlinearly to a new representationwhile dataval-
uesbelow aresuppressedandthoseabove aremappedto maximumvalue.Dueto the
stretchingof thehistogramin theareaof interest,subsequentmanipulationof transfer
functionsfor color andopacityvaluesis performedin a moreconvenientway. Apply-
ing pre–definedlookup tables,a fastandmeaningfulinitial visualizationis obtained.
Subsequently, thetransferfunctionsareadjustedinteractively to theindividualdataset
by simplemanipulationoperationswhile theresultis reviewedby a skilleduser.



In thebeginning,thewholedatavolumeis loadedin orderto detectall aneurysms.
Pre–definedeyepointsanddirectionsof view allow for a fastaccessof themostimpor-
tantareasfor themedicalanalysis.Subsequently, theusermayrotate,translateor zoom
the3D representationinteractively in orderto inspectdetailinformation.Following the
stepof identification,boundingboxesareappliedwhich definea sub-volumearound
every aneurysmwhich wasdetected.Reducingtheamountof dataallows to focuson
theessentialdetailsof thevesseltopologyandensuresreal–timemanipulation.

For thedocumentationof every case,snapshotsof thecurrentvisualizationcanbe
takenat any time of theanalysis.Additionally, shortmovie sequencesarerecordedin
orderto provideanenhancedperceptionof depth.

8 Resultsand Discussion

All imagedatawasobtainedwith a SiemensSomatonPlus 4 spiral–CTscanner. For
the angiography100 ml of non–ioniccontrastagentwere injectedwith a delaytime
dependenton thecirculationtime anda flow rateof 3 ml/sec.With thelowestpossible
table–feedandaslicethicknessof 1 mm,volumedatasetswith aresolutionof 0.2x 0.2
x 0.5mm werereconstructed.Theappliedimagingtechniqueprovedto beoptimalfor
smallvesselsandaneurysmsincludingthoseof thebasilarartery. All visualizationwas
performedonaSGIIndigo

�
MaximumImpactandaSGIOnyxRealityEngineII which

provide 4 Mbytesand16 Mbytesof 3D texturememoryrespectively. Concerningthe
amountof availabletrilinear interpolationoperationstheunderlyinghardwarehasthe
sameorderof magnitude.

Subsequently, imagedataof threepatientsis presentedwhich wasobtainedwith
the proposedapproach.The overview imageof Fig. 6 shows the locationof a large
basilarbifurcationaneurysmrelative to the surroundingvesselsituation.Choosinga
closersemi–transparentrepresentationthe connectionsto the basilararteryandboth
posteriorcerebralarteriesareclearlyconveyed.Within Fig. 7 ananeurysmof theright
anteriorcommunicatingartery(ACoA) is delineated.Intra-operativeviews (beforeand
after applyinga clip for treatment)demonstratethesimilarity betweenrealandvirtual
presentation.Finally, Fig. 8 shows an aneurysmof the middle cerebralartery(MCA)
bifurcation.The closesemi–transparentvisualizationof the aneurysmclearly depicts
the connectedvesselsandtheir locationrelative to the lesion.(seethe color pageat:
http://www9.inf ormatik.uni-erlangen.de/eng/gallery/vis/med/miccai.html)

Our experimentshave shown that thevisualizationmethodis of major importance
for the diagnosticvalueof the obtainedimages.In comparisonto exclusively using
shadedsurfacerepresentations,directvolumerenderinghasprovedto beanoptimalvi-
sualizationapproachin orderto delineatethesacandtheneckof intracranialaneurysms
includingthesurroundingvessels.Besidestheability to show opaquevesselstructures,
thesemi–transparentrepresentationis mostinformative sinceit conveys importantin-
formationaboutthe relationbetweenthevesselsandthe lesion.Above all, theability
of real–timeimagegenerationandintuitive manipulationbasedon thefunctionalityof
OpenInventoris mostimportantfor a convenientanalysis.Sincemotionenhancesthe
perceptionof depth,theunderstandingof complex vesselsituationsis therebyimproved
considerably.



Additionally, integratingshadedvesselsobtainedby interactive extractionof iso–
valuesurfacesprovedto make theunderstandingof thespatialrelationof neighboring
objectsmucheasier. Especially, if a fixed directionof view is chosensuperimposed
structuresare inspectedmoreconveniently. Selectinghybrid visualizationconsisting
of a semi–transparentanda iso–surfacerepresentation,improvedeaseof orientationis
providedinsidecavitiesor duringa user–controlledflight throughvessels.

In comparisonto otherapproacheswhichperformextensivesegmentation,thepro-
posedmethodonly providesrelativeinformationabouttheactualvesselwall dueto the
soft delineationbasedon transferfunctionsfor color andopacityvalues.However, the
interactivity of thewholevisualizationprocessallowsa skilleduserto changeparame-
tersimmediatelyandto evaluatetheresultsby directvisualfeedback.As furthersource
of informationwhichensuresthequalityof the3D visualization,clip planesof arbitrary
orientationareoptionally integratedwhich provide theoriginal grayvaluesof thedata
set.As a majoradvantageof ourapproachall visualizationproceduresandthemedical
diagnosisareperformedin lessthan15– 20.

Theinteractive toolswhich allow to measuredistanceandvolumeinformationdi-
rectlywithin the3Dviewerprovidevaluableinformationaboutthesizeandthedistance
of structures.Sinceclip planesof arbitraryorientationareusedfor the placementof
markers,eitherthe3D visualizationof objectsor theoriginal grayvalueinformation,
optionally shown on every plane,is usedto find the correctlocation.Measurements
performedwith a phantomdatasetconfirmedtheprecisionof theobtainedresults.

9 Conclusion

A fastandinteractive approachwaspresentedfor thevisualizationandanalysisof in-
tracranialaneurysms.Usingdirectvolumerenderingbasedon3D texturemappingand
spiralCT angiography, theneckof theaneurysmandthesurroundingvesselsareopti-
mally conveyedincludingsmallaneurysmsandcomplex vesseltopology. Improvingthe
perceptionof depthiso–surfacerepresentationsareintegrated.Basedon OpenInventor
andcommunicatingwindows intuitive manipulationandconvenientuser–guidednavi-
gationareensured.Furtherfunctionalitycomprisestoolsfor hardwareacceleratedreg-
istrationandfor volumeanddistancemeasurement.Thepresentedresultsdemonstrate
thevalueof ourapproachwhichprovedto effectively assistpre–operativeplanningdue
to theshortamountof timerequiredfor thecompletemedicalanalysis.
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Fig.6. Basilarbifurcationaneurysmwith closerview showing theconnectedvessels.

  intra−operative vie w:
  before clipping              after c lipping

direct volume rende ring of CTA

Fig.7. Aneurysmof anteriorcommunicatingarteryandcomparisonwith intra–operative views.

Fig.8. Aneurysmof middlecerebralarterybifurcationandrelatedvessels.


